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Thermal Modeling of Porous Insertion Electrodes
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Isothermal calorimetry was performed on|LiPFg in ethylene carbonate:dimethyl carbonatal 4 Mn, g0, sFy, cells. The
measured rate of heat generation varied substantially with time. To understand why, we investigated the entropy, irreversible
resistance, and heats of mixing. Two methods for computing the heat of mixing, one computational and one analytic, are derived.
We demonstrate how the energy balance of Rao and Newman accounts for heat of mixing across electrodes, but neglects heat of
mixing within particles and in the electrolyte, which may be of equal magnitude. In general, the magnitude of the heat of mixing,
which is the amount of heat released during relaxation after interruption of the current, will be small in materials with transport
properties sufficiently high to provide acceptable battery performance, with the possible exception of heat of mixing within the
insertion particles if the particle radius is large. Comparing simulations of heat generation to calorimetry measurements reveals
that the entropic heat is significant and accounts for much of the variation of the rate of heat generation. The rate of irreversible
heat generation is larger when the open-circuit potential varies steeply with lithium concentration, because of diffusion limitations
within the solid.
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The risk of thermal runaway is currently one of the major safety treated in detail previously. Bernaret al® present a completely
concerns confronting development of lithium batteries for electric general energy balance for an electrochemical system, assuming
vehicles! Accurate modeling of heat generation will be instrumental only that the temperature is uniform and neglecting effects of pres-
in addressing this concern on two fronts. On the research side, calesure. The energy balance includes electrochemical reaction, heat of
rimetry of experimental cells can provide valuable information mixing, phase change, and change in heat capacity. The authors had
about how heat is generated in the main reaction and in unwante¢h mind a main reaction that was a phase-change reaction, and there-
side reactions, if accurate models are available for interpreting thdore do not explicitly discuss heat of mixing effects within the elec-
data. On the development side, a properly designed thermal martfode, although such effects are implicitly present in their heat of
agement system will be essential to prevent overheating and unevemixing term. Lithium-ion batteries use insertion electrodes, which
heating across a large battery stack, which can lead to degradatio@re solid solutions. Since concentration gradients develop within the
mismatch in cell capacity, and, potentially, thermal runa\?vae- particles of insertion material during passage of current, and the
sign of the thermal management system requires knowledge of th@artial molar enthalpy does vary with lithium concentration, there
amount of heat that will be generated by cells within the stack. ~ Will be heat of mixing in these materials. Rao and Newfat

Two features of the lithium-ion battery, the use of insertion elec- tempted to develop an energy balance which accounts more explic-
trodes and the use of these materials in a porous configuration, afdly for the fact that potential varies with lithium concentration in
of particular importance for the energy balance. In an insertion re-insertion compounds. However, as is shown in the following, they
action, lithium forms a solid solution with the host matrix. The do not treat heat of mixing consistently. Their final equatiteir
chemical potential of lithium in the insertion compougahd there- ~ Ed. 17 includes heat of mixing across a porous electrode, but not
fore the open-circuit potential OCR)) varies nonlinearly with ~ Within the spherical particles of insertion material or in the electro-
lithium concentrationy. In addition, the entropy of reactiom\S, lyte. Since these different components of heat of mixing may all be
also varies with the lithium concentration in the lattice. Batteries for ©f €qual magnitude but of possibly different sign, depending on the
practical application usually utilize porous electrodes, because thi¥ariation of the partial molar enthalpy with composition and on the
configuration increases the surface area available for reactionfn@gnitude of concentration gradients formed in each phase,
thereby increasing the amount of current that can be passed throu Rcluding only one component of heat of mixing in the energy
the electrode for a given mass of active material. It also leads to £/2nce is not consistent.

nonuniform reaction rate across the electrode, and thus nonuniform !N the section on Derivation of a general energy balance, we
lithium concentration rederive the energy balance for an electrochemical system in order

As shown in the following, measurements of the rate of heat!0 understand fully the assumptions implicit in the work of Rao and

generation from a lithiufdoped lithium manganese oxide cell re- lewmﬁn, focusinlg iln par;:culﬁlr on ;he heat of mixing terfm“s, al?d
vealed that the rate of heat generation varied substantially with timeNOW how to calculate the heat of mixing terms in a full-cell-

over the course of charging and discharging. Heat can be generat ndW][ch_modeI. Indth(_a section on Estim?tic_m offthehmagnitut_jedof
from resistive dissipation, the entropy of the cell reaction, heat of 'Sat Of mixing, we derive approximate solutions for the magnitude

mixing, and side reactions. In this work, we investigate how each ofOf the heat of mixir_lg_, and pre_sent estimates of the differen_t compo-
the first three of these terms could cause the rate of heat generatidhemS of heat of mixing. We find that for a battery well designed to

to vary with time. We present simulations of the irreversible and mitigate concentration overpotential, heat of mixing is negligible. In

entropic heat, and compare these simulations to calorimetric meat-he section on Measured and simulated heat generation, we present

surements. Methods are presented to calculate the magnitude of tﬁémulations of the irreversible and entropic components of heat gen-

heat of mixing. From their high current efficiency and stable resis-eraﬂon' and compare the simulations to calorimetry experiments.

tance over several cycles, the cells used are not believed to havenaly, We discuss why the rate of irreversible heat generation var-
significant side reactions, and this aspect is not considered in thid™s with time during discharge and charge of an insertion electrode.

work. S . . Methods
Heat of mixing in porous insertion electrodes has not been ] ) )
Cell.—2325 (23 mm outer diam, 2.5 mm higtstainless steel

coin cells were obtained from Telcordia. The cells consisted of a
* Electrochemical Society Student Member. porous positive insertion (_electrode, an electrolyte of 1 M LiRF
** Electrochemical Society Fellow. 1:1 ethylene carbonate:dimethyl carbon@&C:DMC), a Celgard
Z E-mail: thomas@newman.cchem.berkeley.edu no. 3401 surfactant-coated porous polypropylene separator, and a
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Table I. Dimensions of the coin cells used in calorimetry experi- This offset was then subtracted from the data. For this reason, the

ments. calorimeter could not be used to determine any heat generation from
side reactions while the cell was at rest.

Negative Electrode

Li foil thickness (wm) 750 Electrochemical model-The electrochemica}l model dualfoil._f
Separator was developed by Doylet al? It solves for the six dependent vari-
Area (cm?) 1.0 ables electrolyte concentration, electrolyte potential, solid concen-
Thickness(m) 25.4 tration, solid potential, reaction rate, and local current density, by
Porosity 0.47 solving the six governing equations using the finite-difference algo-
_ Positive Electrode rithm BAND(j)® and the Crank-Nicholson time-step method. The
Thickness(um) cell 073 181 governing equations are based on porous electrode theory and con-
) cell 076 1ra centrated electrolyte theory and consist of a mass balance on the
Average particle radiugum) 20 - - . : e _— ,
Active material volume fraction 0.4188 glectrolyte |ncludlﬂg migration, qlﬁuslon, and reaction; Ohms Iaw
Porosity 0.368 in the electrolyte including the diffusion potential and the variation
Binder plus conductive filler volume fraction 0.2132 of the electrolyte resistivity with concentration; mass balance on the

lithium in the solid active material using Duhamel’s superposition

integral, which assumes a constant solid diffusion coefficient; Ohm'’s
_ . . ._law in the solid electrode matrix; Butler-Volmer kinetics; and con-
I|t.h|um-metal negatlve. electrode. The positive electrode containSgapyation of current? Necessary transport, kinetic, and thermody-
LiAl g M g0, 5Fo » spinel mixed with 7 wt % carbon and 10.6 wt  hamic parameters for the model were obtained from the literature,
% poly(vinylidene fluoride-hexafluoropropyleneTable | shows the  anq are shown in Table Il. The OCP and entropy of reaction for the
dimensions of the coin cells, as measured by Telcordia. electrode material examined in this study were measured in Ref. 9.

Calorimetry—Calorimetry was conducted in a Hart model 4222 ) .
isoperibol heat-conduction microcalorimeter accurate+® wW. Thought Experiment: Heat of Mixing
For noise reduction, the voltage signal is compared via a differential Before examination of the mathematical derivation of the energy
amplifier to the signal from a reference chamber containing abalance, consider a thought experiment that has the general features
dummy cell. In this work, the dummy cell was of identical construc- which we are trying to derive. The energy balance commonly used
tion to the test cells except that it contained stainless steel insteagh the literature to describe electrochemical systems is
of the active materials. The dimensions of the sample chamber
(1.8 X 4.6 X 5.0 cm are larger than the dimensions of the cell. )
To reduce the time lag between generation of heat and detection of Q= I(V -U+T
the signal at the thermopile, the cell was encased in a copper box
packed with copper shot. The dimensions of the box were a few
millimeters smaller than the dimensions of the sample chamber. TheyhereQ is the rate of heat transferred from the surroundings to the
cell was wrapped with one layer of polyethylene to prevent electri-gystem | is the currentpositive on dischargeV is the cell poten-
cal contact with the thermopile. tial, U is the thermodynamitopen-circui} potential evaluated at the
With the copper packing, the time constattiermal response  yerage state of charge in the electrodess the temperature, and

time) of the callo(rjimeterdmt/)as happhroximat.(lely. 30?_ S'I The hea}'cpis the heat capacity'®'We assume that the assumptions of only
generation signal detected by the thermopile is a Laplace convolugne main electrochemical reaction and constant heat capacity, im-

ou CdT 2
71t % G (2]

tion of the actual rate of heat generation plicit in this equation, are valid. Also we imagine that the system is
. thermally thin and immersed in some large, constant-temperature
_ : bath, so that we need not keep track of the heat-capacity term, but
M(t) = f(t — 1 ' - '
® LQ(T) (t = mdr (4] only the rate of heat exchange with the bath. If we pass current

through the system, by this equation, heat will be generated. If we
) suddenly turn off the external current, by this equation, generation
whereM is the signal measured by the thermopile at tir® is the  of heat will cease the instant the current is set to zero. However, we
actual rate of heat generation at timgandf is the normalized  know from experience with calorimetry that this is not the case;
response of the calorimeter to a known Dirac delta function input, inafter the current is turned off, some amount of heat continues to be
this case a 10 s current pulse through a resistor enclosed in a coiteleasedor even, in some cases, absorbatthy?
cell case. The response was found to be reproducible and normaliz- To answer this question, consider why heat is generated at all in
able to the log-normal distributiori(t) = 0.5t exp{—0.7¢In(t) an electrochemical system. If current were passed infinitesimally
— 4P% wheret is time in seconds. ] slowly, then the cell would remain at equilibriuriee., V would be
The convolution integral can be solved analytically @ronly the same a$J, and the only heat generated would be the reversible
for a few restricted cases of the response functmrch as simple  heat of reaction|ToU/oT = TdSdt, whereSis the total entropy
exponential decgy The measured response function is not such aof the system. This heat can be either exothermic or endothermic,
case. Given that the purpose of this investigation is to comparedepending on the entropy of reaction and direction of current.
simulated heat generation with calorimetry data, there are two In reality, the current is nonzero, and the cell voltage is displaced
choices: add a time lag to the simulated heat generation, by numerifrom its equilibrium potential because of the resistance in the cell to
cally evaluating the convolution integral with the measured responséhe passage of current. The rate of energy lost to resistive dissipation
function, or attempt to deconvolute the measured heat generatiois thereforel (V — U). This heat is always exothermic.
using an approximate response function and numerical differentia- In addition, there is a resistance to mass transport in the system,
tion. The former path adds less error and is used in this work. In thdeading to the formation of concentration gradients as ions are
following sections unless otherwise noted, all calorimetry data aremoved through the electrolyte from one electrode to the other and as
uncorrected for the time lag, and a time lag has been added to thproducts are formed by electrochemical reaction at the interface be-
simulated heat generation using Eq. 1. tween the electrolyte and particles of insertion material. When the
The calorimeter has an offset that ranged betwe0 pW. The current is turned off, these concentration gradients relax, and the
offset could not be correlated with cell state of charge, room tem-relaxation is accompanied by an observable heat effect. Thus, heat is
perature, or time of day. Before and after each experiment, the celexchanged during formation of concentration gradients as current is
was allowed to rest until the calorimeter showed a constant valuepassed, and an equal and opposite amount of heat is exchanged upon
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Table Il. Physical properties used in the model simulations. The positive electrode is LigbMn; §0,_5F », the electrolyte is LiPF; in EC:DMC,
and the negative electrode is lithium metal.

Parameter Value Reference

Positive Electrode

Coulombic capacity of active material 149 mAh/g Based ory ranging from 0 to 1
Density of active material 4280 kgfm 34
Electronic conductivity of composite electrode material 3.8 S/Im 35
Solid diffusion coefficient 8.4%x 107 ¥ m¥s See the section Measured and simulated
heat generation
Exchange current density 0.1 mA/8m 30, 1 M reference concentration
Q,, Q¢ 0.5 No data available
Electrolyte
lonic conductivity 0.0911+ 1.9101c— 1.052¢ + 0.1554¢ S/m 7,c is salt concentration in molarity
Salt diffusion coefficient 5.336X 10 exp(-0.7c) cni/s 36
¢ 0.4 36
Thermodynamic factor - d In f./d In ¢ 10 No data available
Negative Electrode
Exchange current density 3.1 mA/&m 37, 1 M reference concentration
o, o 0.5 38, 39
Film resistance %) cn? See the section on Measured and simulated

heat generation

relaxation of those gradients. This heat is termed the heat of mixingconveniently incorporated into a full-cell-sandwich simulation. The
and it is this heat which is observed as the heat of relaxation aftederivation of the energy balance begins with the first law of thermo-

the current is turned off. dynamics
Equation 2 does conserve energy. However, by the arguments
given above, it does not correctly describe when heat is generated, di = dQ — dwW (3]
because it ignores heat involved in formation of concentration gra-
dients. wherel{ is the internal energyQ is the heat added to the system, and

There are several processes which contribute to the formatiornw is the work done by the system on the surroundings. Enthalpy is
and relaxation of concentration gradients. In a porous electrode, thglefined asH = ¢/ + PV, where P is the pressure and is the
current distribution is not always uniform. In general, the rate of yvolume of the system. Work can be divided into pressure-volume
reaction is higher on the side of the electrode adjacent to the sepayork and other work such as electrical, magnetic, or gravitational
rator than it is on the side adjacent to the current collector. This
nonuniform current distribution leads to a gradient in inserted dw = PdV + dW' [4]
lithium concentration across the porous insertion electrode. In addi-
tion, the distributed reaction coupled with finite rates of mass trans+n our case, we are interested in electrical work, and neglect mag-
fer across the separator and electrodes leads to concentration gragietic and gravitational work. The rate of electrical work is defined
ents in the electrolyte. Finally, since an electrochemical reaction cary
occur only at the interface between the electrode and the electrolyte,

concentration gradients form within the particles of insertion com- W o= IV (5]
pounds and within the electrolyte-filed pores of the porous
electrode.

When the current is turned off, the concentration gradients relaxgg?:alxgi surroundings are at constant pressure, we can rewrite the

Since potential varies with concentration, in both the electrolyte and,

more significantly, in the insertion compound, the concentration gra- dH )

dients create internal driving forces for electrochemical reattion ——=Q -1V [6]

These internal currents redistribute the lithium across the electrode dt

after the current is turned off, and are one mechanism for relaxation

of concentration gradients. In addition, concentration gradients relax For a system of nonuniform composition and multiple phases

by diffusion within the solid particles and across the electrolyte. ~ containing multiple species, we express the enthalpy of the system
Thus, there are four components of heat of mixing, across theas

insertion electrode due to nonuniform current distribution, across the

electrolyte due to mass transfer, and radially both within the par- _ iy

ticles of insertion material and within the electrolyte-filled pores H j 2,: 2,: cjHjdv 7]

because the electrochemical reaction occurs at the interface between

electrode and electrolyte. The energy balance of Rao and Newm Lo S -

accounts for only the first of these terms. In the following sectionsa,l{there the_summatlorj |s. over_ all spec!es Hin phgses,j”s the

we derive mathematical formulations for these terms, and estimat&oncentration of species i and is a function of position and tirhe;

their relative magnitudes. is the partial molar enthalpy, which is a function of composition,
pressure, and temperature; and the integral is over the entire volume
Derivation of a General Energy Balance of the system. Taking the total derivative with respect to time yields

Our goal is to obtain an energy balance for a system comprised dH a(c__g_) .
of a porous insertion electrode, separator, and either another inser- —_ — J E E — gy + é 2 E c:H.u-dS
tion electrode or some other kind of counterelectrode such as lithium ~ dt T at T v
foil, and to formulate the energy balance in such a way that it can be [8]
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The second term on the right side arises if the total volume of theentropy of the half-cell reaction plus terms which relate to the inter-
system is not constant, because in that case the limits of the integralction between heat and mass transport in the electfiogle the
depend on timeu is the velocity of the boundary, andS is a thermocouple or electronic Seebeck effeantd the electrolytéi.e.,
differential area of the surface of the system. The change in volumdhe Soret effegt'>® The contribution from partial molar entropies
will depend on the molar volumes of the reactants and products, thés generally much larger than the contribution from transport-related
dependence of the molar volumes on temperature and pressure, ait@fms.
also on the mechanical properties of the system's container. For The Peltier coefficients of the positive and negative electrodes
materials of interest for lithium batteries, changes in the volume ofare related to the entropy of reaction for the whole cell/oT
the system are small. Consistent with our neglect of pressure= AS/nF, by dU/oT = (II_ — II,)/T, as the transport-related
volume work, we neglect changes in system volume and thus neterms (often called entropies of transpprancel if the same elec-
glect the last term in Eq. 8. trolyte and metal leads are used in each half &lihus if one is not
Expanding the differential in the first term yields concerned with distinguishing how much heat is produced in each
— — half-cell, the reversible heat for the whole cell can be calculated
f S a(ciHy) o = fz D [g_ A dall do simply from the entropy of reaction.
TS ot TS oot oot In large batteries, such as might be used in an electric vehicle,
[9] the length scale parallel to the electrodes may be much larger than
the length scale perpendicular to the electrodes. In this case, tem-
We can use the Gibbs-Duhem equation to replace the ternperature gradients parallgl to the electrodes may be_ signif_ic_ant, even
fEiciaﬁi/atdv with terms involving changes in pressure and tem- though temperature gradients across the cell are still negllglble. Or_le
perature can use .the integral energy balance presented here over the direction
perpendicular to the electrodes to calculate the local rate of heat
_ 9H 9H generation, which can then be inserted into a standard differential
2 E cjdHj =p -3 dT+p -5 dP [10] heat-transfer equation to calculate the temperature profile parallel to
B the electrodes, as reviewed in Ref. 8 and 17.
With the assumption that temperature is independent of position,

whereH is the enthalpy per unit mass apds the density. one can takedT/dt outside of the integral. Substitutingd
Combining Eg. 8, 9, and 10 gives — SAH yields
[ |

Q-w- |

— aC;
+ij§i‘,Hij%dv [11]

aH oT aH 9P

P Tt TP P

oM dT o 9T A(SAH,) ] >
P e M T P e @ A

Because the partial molar enthalpies of liquids and solids are wealafter one expands the differential, recognizing tha_ti/aT is equal

fu_nctlons of pressure, we neglect the pressure term. For system[% the partial molar heat capacigy,, that the partial derivative is at
with gaseous components whose pressure changes over the course i

of operation of the system, one may wish to retain this term in aconstant pressure and composition, and fhat c;/p, the heat-
manner similar to the heat-capacity term, as described below. capacity term becomes

The first term on the right of Eq. 11 involves the change in
temperature integrated over the volume of the cell, which requires

knowledge of the temperature as a function of position. Calculation oH dT daT A dT —

of temperature as a function of position would require a differential j P 3T Gt dv = at pCpdv = at f E 2 Cijcpijdv
energy balance. Integrating this differential energy balance over the b

volume of the system would yield the total rate of heat generation daT

for the system, which is what is calculated by the integral energy =Cp at [13]

balance presented in this work. The differential energy balance
would include heat generation as a function of position from ohmic
resistance and heat of mixing in the bulk of a phase as well as
kinetic resistance and reversible heat of reaction at the interfacéequation 13 can be used when the variation of heat capacity with
between the electrolyte and electrode particles. Soret-Dufour effectstate of charge is of interest. In many cell chemistries, assuming that
would also contribute to the spatial distribution of heat and massthe heat capacity is constant introduces little error. For convenience,
although they are generally negligible. The differential energy bal-we refer to this term a€,d T/dt for the remainder of the derivation.
ance would be coupled to the other differential equations, such as The general energy balance at this point is
mass balances, kinetic relations, and Ohm’s law, governing flux of
mass and charge in the system.

Most lithium-ion cells are very thin, usually less than 3061, dH . — 4Gy daT
and the electrodes are good thermal conductors. The cells are thus 5 = Q-1IV= f 2 E Hj; a3t dv + Cp gt [14]
thermally thin (Biot number, equal tchL/k, whereh is the heat o
transfer coefficientl. is the thickness of the cell, ardis the effec-
tive thermal conductivity of the cell, is less than .and the tem-
perature can be considered uniform. Therefore, we assume that thEne only assumptions are uniform temperature, neglect of pressure
temperature is unifornfalthough it may change with timeThis effects, and constant system volume. No spatial averaging other than
aspect greatly simplifies the calculations, because one can use that implicit in defining a continuum-scale concentration has been
single integral equation to calculate the rate of heat generation inused to obtain this equation.

stead of a coupled partial differential equation. The first term on the right includes enthalpy changes due to
The reversible heat generated at an electrode/electrolyte junctioneaction and mixing. Definéi§* to be the partial molar enthalpy
by electrochemical reaction is equal to the Peltier coeffidientul- evaluated at the volume-averaged concentration at any point in time.

tiplied by the currentIl/T is equal to the change in partial molar Then this term becomes
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— ag; _ ac; The enthalpy potential is related to the OCP and the entropy of
f > 2 Hj - dv = > Hﬁ“’gJ' - dv reaction byU,,; = U; — TaU,/aT. Then our final form of the en-
Bt et ergy balance is
o Y GCi- av
+ H, — H&Y) —4 ¢ . aufve dT
fgzi(” [T Q=[IV- U2 + 31T —— +C, —
. . aT P dt
- YA [33 =t 0
—~ < i qt 4 +EKAH§V9rk+JZEi(H“H§“’ — do
— — 9C:
X (Hy = H{'9) —2 do [15] [22]

The first term on the right side is the irreversible resistive heating,
wheren; is the number of moles of species i in phase j present in thecaused by the deviation of the cell potential from its equilibrium
system. potential by the resistance of the cell to passage of current. The

As the system is a closed system, the number of moles of asecond term is the reversible entropic heat, the third is the heat
species can change only by reaction, either by | electrochemicatapacity, the fourth is heat change by any chemical reactions that

reactions or by k chemical reactions may be present in the cell, and the last term is the heat of mixing. In
this manner, we have separated the reaction and mixing term into

ﬂ _ E S._||| N 2 [16] terms for electrochemical and chemical reaction and heat of mixing.

dt ~ 4 nF 7 Siklk As discussed earlier, this energy balance applies only to the en-

tire cell; it cannot predict where the heat is generated inside the cell.
This is because the energy balance as derived aldésT of each
electrode measured with respect to the same yet nevertheless arbi-
trary reference electrode instead of Peltier coefficients of individual
electrodes, and because the resistive losses appear in a single term,
I(V — U). Therefore, this energy balance cannot be used to deter-
mine whether the anode or the cathode produces more heat.

For the purpose of including the energy balance in a full-cell-
sandwich simulation of the cell performance, one may find it con-
—  dn _ sl venient to divide the heat of mixing terms into separate terms for
2 Havo 1 — E 2 E Havg 2! each of the four components of heat of mixing.

T I dt T ' nF Consider a local average concentration within the electrode
phase, averaged over a small volume that may include several par-
+ E 2 2 ﬁ?"gsi e [17] ticles of insertion material. This local average concentration will
e change only by electrochemical reaction

wherel, is the amount of the total current passed through electro-
chemical reaction Iy is the rate of chemical reaction k;, is the
stoichiometric coefficient of species i in reaction |, andis the
stoichiometric coefficient of electrons in reaction |. Chemical reac-
tions may include precipitation, solvent volatilization, or homoge-
neous decomposition of the electrolyte or electrfti®ne substi-
tutes this expression fafn; /dt to obtain

The enthalpy potentiaIUHI of an electrochemical reaction M = aji, [23]

: . . ot
EiS,,MiZ' = nje” with respect to a reference electrode can be written

s, — Siet — where the volume fractior is needed in the equation because the
Uy = -2 > —= Hj+ > > —= Hje [18  concentration is averaged over a small volume that may contain
T T nF TT N several phases, is the surface area per unit volume, gnd is the
rate of production of species i per unit surface area due to electro-
where thes; values are positive for products of a reaction written in chemical reaction. Then the term for heat of mixing due to concen-
the cathodic direction and ref indicates the reference electrodetration gradients across the insertion electrode is
Similarly, for any chemical reactionEisi,kMiZ' = 0 that might be . .
present in the system f E ((H)) — H™9aj; ,dv [24]
i,electrode phases
AHJ = s H2Y 19 . . .
K E. b T [19] For an insertion compound we can relate the partial molar enthalpy
of the inserted lithium to the enthalpy potential by Eq. 18. Then the

where AHZY9 is the enthalpy of reaction for chemical reaction k term for heat of mixing across the electrode is

evaluated at the volume-average composition in the cell. Substitut-
ing Eq. 18 and 19 into Eg. 17, one obtains f ((Uy) — UE9Faj,dv [25]
— dn:
Z > Hiv d_t“ = =2 LURR+ 2 WUt + 2 AHM, if the enthalpy potential of each electrode is defined with respect to
J ! ! K [20] the same reference electrode. Adding this term to Eq. 22 makes the

energy balance equivalent to that of Rao and Newman. Note that
B i f electrical ch th t tint (Uy) is the enthalpy potential evaluated at the local average con-
| y gon_serva |0|n Od electrical ¢ arr]ge, e ne curLen '2 0 olnecentration. For a one-dimensior(a+D) model, this concentration is

eegtro_rﬁ IS ¢fquha an oppfosne to tle Cugeﬂt |nto(§ fe ot erhe‘lacfhat averaged over the cross-sectional plane of the electrode, and is
trode. Then, It the same reference electrode Is used for each ele¢:om,ted from the total amount of reaction that has occurred in that
trode, the term involvindJ, ¢ cancels, and plane.

— dn Because of this averaging, the heat of mixing within the particles

2 E Have —1 = _E uae + E AHRS,  [21] is not included in Eq. 25. The heat of mixing within the particles of
T dt [ ' K insertion material can be calculated by
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_ — ac The total enthalpy of the solution at any time is the sum of the
f N 2 (H; = (Hy)) T dv [26] partial molar enthalpies of the components integrated over the vol-
i,insertion phases ume Of the SySlem

This integral must be performed over the volumes of the spherical _ _
particles, at each point across an electrode. Thus evaluation of this H = f (cpHa + cgHp)dv [30]
term in a full-cell-sandwich simulation requires a pseudo 2-D model
to store the radial concentration profile within the particles.
The heat of mixing across the electrolyte can be calculated by partial molar enthalpy is a function of temperature, pressure, and
composition. We then expand the partial molar enthalpy in a Taylor

— — 0€(C;j i
j ((H}) — H™9) ﬁ do [27] series about temperature, pressure, @nd
i,electrolyte phase at o o
— - aHA 1 0%H, 5
The calculation of the rate of heat of mixing requires knowledge of ~Ha = Hax *+ 527 (Ca = Caz) + 5 a2 (Ca = Ca)
Hj — H{"9as a function of concentration. For the electrolyte . - . *
f 4 2Ha (T T)+6HA (P —P.) [31]
— — 9 N - - To) + =5 - P.
Heat — HY = —yRT? Fae (In fTXg) [28] T, P,
The heat of mixing radially within the pores is given by and
— = g — — 9H, 1 0%H,
(H; = (H)) — dv [29] = + B — + - B _ 2
f i,electrolEyte phase I < I> at HB HB’DC HCA w(CA CA'OC) 2 E)Ci OO(CA CA’w)
This term is difficult to evaluate, because the actual pores have a " dHg T-T,) + dHg P— P, [32]
random geometry. Porous electrode theory implicitly averages over oT ( * P ( *
the radial concentration within the pores. As shown below, for prac- ” *
tical systems the radial concentration gradients within the pores are
negligibly small. where the reference state is that of the uniform solution after all
o ) . concentration gradients have relaxed. For solids and liquids, we can
Estimation of the Magnitude of Heat of Mixing neglect derivatives with respect to pressure. We assume the tempera-

As shown in the previous section, complete calculation of theture is uniform. The second-order term in concentration is retained
heat of mixing requires a complicated integral. The heat of mixing isbecause, as shown below, it yields a term of the same order of
usually small compared to other heat effects such as entropic anfagnitude as the first-order term. Higher-order terms are neglected
resistive heating. However, it is useful to have an estimation of thein this approximate analysis. _
magnitude of the heat of mixing in cases where large concentration The enthalpy of the final, uniform state il., = naHp

gradients are expected to be produced, such as under passage of,an H, ,, wheren, is the total moles of species A present in the

high current density in an electrolyte with poor transport propertiessystem, The change in enthalpy from the initial, nonuniform state to
and a strong dependence of partial molar enthalpy on concentrationpe final state is then given by

If the magnitude of the heat of mixing is significant for the system

of interest, then one can use the full energy balance developed in the —
previous section to calculate when this heat is generated. Here we |, _ H, = f [aH

Ca(Ca — Ca)
o0

present an analysis of the magnitude of the heat of mixing effect for aCa

a two-component system. First, an expression for the enthalpy of the

system in terms of the partial molar enthalpy and concentration pro- aﬁB
file of one species is obtained by introducing a Taylor expansion for + ac Cg(Ca — Ca) |dv

: Al
the enthalpy of the system. Then, expressions are presented for the
concentration profiles across the electrode, within particles of active 1 azﬁA 1 azﬁB
material, across the electrolyte, and within the pores, in order to J 29 Ca(Ca — Cax)? + 2 52
obtain approximate comparisons of the magnitude of the heat of ICa [, ICa |,

mixing effect in each of the four components of heat of mixing.

Finally, we present calculations for two cells, one with a liquid X Ca(Ca — Cp)?|dv
electrolyte and one with a polymer electrolyte. :
Consider the situation in which a concentration gradient exists _ _
across a solution of two components, A and B, and the concentration aH 4 aHu
gradient is allowed to relax to a uniform concentratiorcgf,, and T Mgt N7 (T—T.) [33]

Cg,.. . Although the previous section regarded the rate of heat gen-
eration from heat of mixing, here we regard the total amount of heat
released over the time it takes to relax the concentration gradientThe |ast term is the heat-capacity term
The solution could be a liquid solvent with a dissolved salt or a solid

solution of an insertion compound and the inserted species. The iy 9H.
o_Ierivatio_n e}pplies eqL_JaIIy to '_[he reverse case in which a concentra- Na A e A (T—Ta) = Cou(T— T.)  [34]
tion profile is formed in an initially uniform solution, although that aT |, aT |

case is more complicated because reaction occurs simultaneously

with formation of concentration gradients. The magnitude of the

heat released upon relaxation of gradients is equal and opposite t8ince c, .. is the volume-average concentration in the system,
the magnitude of the heat involved in formation of those gradients.f(cs — Ca..)dv = 0. Equation 33 can be manipulated to become
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aﬁA the rate of reaction in some cases may vary with time, in many
AH = f —| (Ca — Cax)? situations the rate of reaction at the surface of the particle is approxi-
acal., mately constant with time. In this case, an analytic solution to the
— concentration profile within the particle, after an initial transient, is
+ % (Cs — Cp)(Ca — Ca )}du easily obtained. The pseudo-steady-state concentration profile in a
acal, " i spherical solid solution can be described by
192H, 192Hg dcs _ 1i(23_‘:3)_
+ f 279 xCA,W(CA —Cp)? 2792 |. at S 2 or ar constant [41]

whereDy is the diffusivity (assumed to be constamf lithium in the

X Cgo(Cp — cA,w)2 dv + C. AT [35] solid. The boundary conditions are that electrochemical reaction oc-
curs at the surface of the particle and the concentration is finite at
r=20

where we have neglected terms of ordac)®. We can relateg to )
c, in our two-component system by D 9 _ I 9G4 _ 0 [42]
— Sor| F ar|
VA,C’J r=R r=0
Cg — Cgo = — (ca — Cax) [36] o ) )
B, wherei,, is the current density at the surface of the sphereRuwl
_ the radius. This equation has the solution
Similarly, we can use the Gibbs-Duhem equation to redétg/dcy (2 3
to dHu /dcs by Cs — Cgee = (E - E)ACS [43]

9Hg  CadHy  CaVg aH,

acp,  Cg dCy 1 — CAV, 9CA (37] wherec,, is the volume-average concentration to which the sphere
relaxes andAc is the difference in concentration between the sur-

Combining Eq. 35, 36, and 37 produces face and the center of the sphere, given by
1 9Ha  ca. 0%H, Ao = R
AH = C AT + | —— — = Cs= “3Fp. [44]
peo CpVe~ 9CA|_ 2 aca B s 2FD,
e ang Substituting into Eq. 40 yields the change in enthalpy per spherical
BT f (Ca = Ca)’du [38]  particle
A lx _ .
1 aHy 2w [ in |2,

. o . . AH= —————| — R [45]

By taking the derivative of Eq. 37 with respectdg and neglecting CrnatrixVimatrixee 9Cs| . 175 \FDg

the dependence of the partial molar volumes on concentration, one

can show that The current density about a given particle in a porous electrode can

Co-r azﬁB‘ 1 aﬁA be estimated by assuming a uniform current distribution. Then
BT ‘ = 2o Vo 3C [39] = |/(alL), wherea is the interfacial area per unit volume of elec-
Al B> VB TTAl, trode andL is the electrode thickness. For spherical partickes,
= 3Be€insertion R, Where €jnseriion IS the volume fraction of insertion
material in the electrode. The number of particles per unit separator
area in an electrode can be estimated @ss3o/(4wR%). Then
f (ca — CA,OO)Zdv + Cp.AT [40] the enthalpy change per unit separator area is
N I \2 R
FDS) €insertior- 1050

Ca FET
2 aca

©

Finally, we obtain
1 9H,

AH=—— 22
2CB,OOVB,9° aCA

1 aH{
9Cs

AH = [46]

The assumptions used to derive this equation were the use of a
second-order Taylor expansion for the partial molar enthalpy, ne-

glect of the effect of pressure, neglect of the change in density withyp;q equation represents the change in enthalpy upon relaxation of

temperature, and_neglect of the effect of the dependen_ce on ConCe'B'seudo-steady-state concentration gradients that were formed within
tration of the partial molar volumes on the second derivative of theSpherical particles in an electrode with a uniform current

partial molar enthalpy. g
Equation 40 allows us to calculate the heat of mixing involved in distribution.
relaxation or formation of any known concentration profile, requir-  Heat of mixing within cylindrical pores—Similar to the analysis
ing only data fordH, /ac, . The sign of the heat of mixing depends for_sphencal particles, the pores of the electrolyte can b_e modele_d as
solely on the sign of)ﬁA/acA. If E)EA/E)CA is positive, then the cylinders with a constant current at the walls of the cylinder, which
relaxation of concentration gradients is an exothermic process. 1€ formed by the particles of active material. The pseudo-steady-
the following sections we derive expressions for the four compo-State concentration profile in the radial direction in the cylindrical
nents of heat of mixing in a porous insertion electrode by obtainingPOres is described by

Cmatrix,oovmatrix,oc .

analytic approximations for the concentration profiles. To simplify ac 19 ac
the equations, we imagine that the cell is in contact with a large rria D Tar (r 6—) = constant [47]
temperature bath, so thAfT = 0, and we calculate the amount of ror r

heat that is exchanged with the bath. whereD is the salt diffusion coefficient corrected for the effects of

Heat of mixing within spherical particles-The active material  tortuosity andc is the salt concentration in the electrolyte, and the
in lithium-ion batteries usually can be treated as spherical particlesboundary conditions are the same as Eq. 42. For the cylindrical case
Electrochemical reaction occurs at the surface of the spheres. Whiléhe solution is
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r2 1) 1 9H. borra - )ad
c—c.= |5 — 5|Ac [48] AH = = - 55
( Rsore 2 COPGVo'DC Jc |oc 24F2D2 [55]

where Ry is the radius of the pore andc = i,Ryore/(2FD). One sees that the magnitude of heat of mixing is proportional to the
Substituting into Eq. 40, one obtains the enthalpy change per poresquare of the current and inversely proportional to the square of the
— s diffusion coefficient.
AH = 1  dHgy ™ ('_n) R4 L [49] Within a porous electrode, the concentration gradients are steeper

CoxVor 9C | 96 \FD or because diffusion in the electrolyte is obstructed by the presence of
the solid particles and because reaction is distributed throughout the
electrode. In general, the steady-state concentration profile in a po-
. . Sous electrode is parabolic rather than linear. A linear approximation
as the thickness of the electrode. As befogecan be related to the iy aways slightly underestimate the magnitude of heat of mixing
applied current density by assuming a uniform current distributionj, 5 medium with a nonlinear concentration profile. A more accurate
about the active material, yielding = IR/(3€jseriod-). ON€ can ggtimation of the magnitude of heat of mixing across the electrolyte
estlmazte the number of pores per unit area of the electrode o b@an pe obtained by solving for the concentration profile, assuming
/(TR Wheree is the volume fraction of electrolyte. If one that the profile is at steady state, the reaction-rate distribution is
assumes that the surface area of the pores is the same as that used,ffiform across the porous electrodes, and that the diffusion coeffi-
calculatei,, thenRqe ~ %e/emsemo,R. This expression is approxi- cient is constant with concentration. Doyle and Newffigmesent
mate because it ignores the effects of the conductive filler and parthe concentration profile for the case of a single porous cathode,
ticle packing on the pore radius. Substituting into Eq. 49, the changeseparator, and nonporous anode. In the Appendix, we present the
in enthalpy per unit separator area due to heat of mixing within theanalytic form of the concentration profile for a cell with two porous

wherelL is the length of the pore, which can be taken to be the sam

pores of an electrode is electrodes and uniform current distribution. It can be used to obtain
_ a closed-form estimate of the magnitude of the heat of mixing.
1  IdHgy I \2 ¢ R \* 1 The analysis of the Appendix assumes a uniform current distri-
AH = P FD) L \e€peur 1944 (501 bution. The current distribution is generally nonuniform, as dis-
CoxVox 9C €insertiol . 2
T * cussed below. A full-cell-sandwich simulatfboan be used to cal-

. o ~culate the actual concentration profile across the cell. A polynomial
Because the pore diameters are small and diffusion coefficientghen can be fit to this concentration profile and used to estimate the
in the electrolyte are much larger than in the electrode, pseudomagnitude of the heat of mixing.
steady-state concentration gradients in the pores form rapidly, on the o o o
order of hundredths of seconds in typical liquid electrolytes. Be- Heat of mixing across the electrodeThe variation of lithium
cause the radial concentration gradients in the pores are small, thigoncentration in the insertion material across the thickness of the
component of the heat of mixing will be negligible generally. electrode is the most difficult concentration profile to estimate ana-
o lytically. It depends upon the current distribution as a function of
Heat of mixing across the electrolyteHere we look at the heat  time and position across the electrode. For a uniform current distri-
of mixing across the electrolyte, in the direction perpendicular to thepytion, all of the insertion particles experience the same rate of
current collectors. The concentration considered here is that avelreaction. Then the lithium concentration across the insertion elec-
aged over the cross-sectional area of the pores. It is this local avekrgde is uniform, causing this component of the heat of mixing to be
age concentration which is treated under the framework of porousero. The opposite of a uniform current is the reaction-zone model,
electrode theory. The concentration in the electrolyte will vary in which the reaction-rate profile is a spike that moves across the
across the cell because of diffusion, migration, reaction, and, inglectrode, consuming active material as it padé8This model is
some cases, convection. Although the shape of the concentratiog good approximation for electrodes with high electronic conductiv-
profile may be complex, we consider first the case of a linear conty and electrolytes with either very high diffusivity or unity trans-
centration profile ference number. An analytic solution for the current distribution also
has been obtained for the case of no concentration ch&héstsy-
Cmax — Cmin X [51] ever, concentration changes in the electrolyte and particularly in the
L insertion material have a large impact on the reaction-rate distribu-
tion. Most often, the current distribution is neither completely uni-
and letcay — Cmin = Ac. Then form nor a reaction spike, but a smoothed peak that moves across
the electrode over time. The degree of nonuniformity depends upon
several material and geometric properties. The degree of nonunifor-
C—C, = (E -3 Ac [52] mity increases with increasing applied current; increasing the ratio
of electronic conductivity to ionic conductivity; decreasind/dcs,
the variation of the OCP with state of charge; and decreasing kinetic
and solid-phase mass-transfer resistance, which means increasing

CcC = Cmin +

Equation 40 then yields

1 9Hgl L the rate constari, a, andDg, and decreasing.
AH = = = (Ac)? [53] As described in the section on Derivation of a general energy
CoxVoz 9C 24 balance, the rate of heat of mixing across the electrode is easily

simulated using the energy balance of Rao and Newman. It will vary
The steady-state concentration difference across a cell with two plawith time during the discharge because the derivative of the partial

nar electrodes is molar enthalpy with concentration varies with state of charge and
because the current distribution depends on the slopkvath state
11— t9L of charge.
AC= ——— [54]
FD Comparison of the magnitudes of the components of heat of

mixing—Table 1l shows calculated components of the heat of mix-
If the separator contains an inert filler materialshould include a  ing. The four components, within the spherical insertion particles,
correction for tortuosity given byp = D..e%® whereD., is the across the insertion electrode, across the electrolyte, and within cy-
diffusivity in the bulk electrolyte. Thus, for a planar cell lindrical electrolyte-filled pores, were calculated by Eq. 46, the en-
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Table Ill. Estimated magnitudes of the components of heat of mixingAH is the heat produced by the cell from relaxation of the pseudo-
steady-state concentration gradientsAT is the adiabatic temperature rise, equal toAH/C,. Results are shown for a cell with a liquid
electrolyte discharged at the @3 rate for 3 h and at the 2C rate for 5 min, and for a cell with a polymer electrolyte discharged at the @3 rate
for 3 h. A range of values is given for the heat of mixing within particles and across the electrode becaugeH/dc varies with lithium
concentration in this material. For comparison, the total resistive and entropic heat produced during the discharge also is shown.

2C for 5 min C/3 for 3 h C/3 for 3 h
liquid liquid polymer
AH (I/n?)
Heats of mixing
within particles 795 to 4100 22 to 110 3
across electrode 1to 34 0.1to 19 52
across electrolyte 107 2.0 -52
within pores 3.5%x 107° 1x 107 —0.0003
Irreversible+ entropic 3690 7520 20,160
AT (K)
Heats of mixing
within particles 0.42 t0 2.2 1.2t0 5.6X 102 1x 1038
across electrode 0.6 to 18x 104 6 to 1130x 10°° 0.03
across electrolyte 0.056 1x 108 —-0.03
within pores 1.4x 108 6 X 10710 -1x 107
Irreversible+ entropic 1.98 4.2 11

ergy balance of Rao and Newman, Eq. 40 using a polynomial fit tovanadium oxide in order to calculate the value of heat of mixing
the simulated concentration profile in the cell, and Eq. 50, respecwithin the particles of the insertion electrode given in Table IIl. Heat
tively. Results are presented in termsAdfi andAT. AH is the heat ~ of mixing across the electrode was calculated using the energy bal-
per unit separator area that would be measured in an isothermaince of Rao and Newman, but with entropy set to zero since no data
calorimeter.AT is the change in cell temperature that would occur are available. _ .

by the production of heaAH under adiabatic conditionsAT is Equation 40 states that the magnitude of the heat of mixing can
calculated byAT = AH/C,,. C, for the cell examined in the calo- be calculated given knowledge of the derivative of partial molar
rimetry experiments shown below was calculated to bexL.80° enthalpy with concentration. From Eq. 28 and 18, one can see that

JIn? K based on the mass and specific heat capoitfythe com-  for the electrolyte
ponents, including active material, electrolyte, separator, conductive 9H. 92 In f
filler, and binder, but not including current collectors or packaging. sat _ _JRT2 —— = [56]

v

Sincecg ..V .. is generally of order 1, it was assumed to be equal to 9Csalt 9ToCsa
1 in these calculations. For comparison with the heat of mixing, the ) )
total heat generated by irreversible resistive heating and reversibl@nd for the insertion electrode
entropic heating, calculated from the computer simulation described —
in the section on Measured and simulated heat generation, is also Hs - _F Uy [57]
given. dCq dCs

The cell labeled “liquid” is that used for the calorimetry experi-
ments, whose material properties and dimensions are listed in Tables
Il and I, respectively. This cell contains a porous insertion electrode
of lithium manganese oxide spinel, a typical liquid organic electro- . )
lyte, and a lithium foil negative electrode. The electrode dimensionstiyAlo.MN1 g04-3Fo 2 given in Ref. 9.9H;/dc; ranges from 0 to 24
are fairly typical of lithium-ion cells, with the exception that the ¥ M/mol. _ ) o -
particle size, 2Qum, is on the high end of particle sizes generally Thgre are few data in t_he Ilteraztgure for the activity coefflqlt_ants of
found in commercial batteries, where 10 toj# is more common. ~ °rganic ele.ctrolytes.. I?anllovat al: .report the act|V|t¥ coefficient
Therefore, the estimate of the heat of mixing within the particles of Of LICIO, in acetonitrile as a function of concentration at 40 and
insertion material is high in these cells. Calculations are reported foil60°C. Based on these data, we calculate téf,;/dCsqyy is 12 J
two discharge rates h at the C/3ate(12.29 A/nf) and 5 min atthe  m#mol2. In comparisongH/ac is 1.6 J mi/mol? for aqueous sulfu-
2C rate(73.7 Ainf). ric acid at 1 M concentration. It is coincidental that all of these

The cell labeled “polymer” contains LiyO;3, lithium bis(tri- materials release heat during the relaxation of concentration gradi-
fluoromethylsulfonylimide (LITFSI) in oxymethylene-linked poly-  ents. In contrast, data for the polymer electrolyte indicate that heat
(ethylene glycol (PEMO), and a lithium foil negative electrode. The will be absorbed during relaxation of concentration gradients. Steve
behavior of this cell with several different polymer electrolytes was Sloop and John Kerfunpublished at Lawrence Berkeley National
described by Thomast al.?® and the material properties and cell Laboratory measured the activity coefficient as a function of con-
dimensions are given in detail in that paper. Table Ill shows calcu-centration at 40, 60, and 85°C for LiTFSI in PEMO. From these
lations for the polymer which was termed “ideal” polymer electro- gata we estimate a value aH/dc = —50 J n¥/mol2.
lyte in that paperi.e, the transport properties of the polymer elec-  From the calculations presented in Table Ill, one can draw sev-
trolyte at 80°C, under a current density of 10 Afifor 3 h. The  era| general conclusions. Heat of mixing within particles can be
parameters of this cell ar® = 10~** m’/s, Dy = 107"* m?s, R significant, particularly for large particles, high current density, low
= 10 pm, Lg=50 um, L, = 90 pm, ande = €jnserion= 0.4.  solid diffusivity, and a large variation of)y; with concentration.
The enthalpy potential of this material has not been measured. Howgecause concentration gradients in the radial direction within pores
ever, previous studies of related lithium vanadium oxiééhave  are so small, that component of heat of mixing is negligible. The
shown behavior similar to that of the lithium manganese oxide heat of mixing across the electrode has a somewhat smaller range
spinel? We assume a value éfH/dc = 10 J n¥/mol? for lithium with state of charge than the heat of mixing within particles. This is

For the calculations shown in Table Ilaﬁs/acS was calculat-
ed from numerical differentiation of the data fddy(y) of
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Figure 1. Simulated and measured cell potential and heat-generation rateFIgure 2. Charge at C/3 rate.

during discharge at the C/3 rate. Data are shown for two cells. Exothermic
heat is positive.
Measured and Simulated Heat Generation

The rates of heat generation measured in the isothermal calorim-
eter at 25°C are shown in Fig. 1-6. The cells were discharged and
charged between voltage limits of 3.5 and 4.5 V, respectively, at a
because a sloping(cg, which may often correlate with a large constant current of 1.229 mA/GiC/3 rate and 0.461 mA/crh(C/8
dH/ac depending on the entropy, causes a more uniform currenlrat.e' Expt_arlments were also done at the 2C rate of 7.37 mA/cm
o . . using 5 min current pulses followed 12 h of relaxation to allow all
distribution, while a flatU(cg) causes a more nonuniform current

distribution®2 Thus th : hich aff h fh of the heat to be measured for a given current pulse. Prior to the
istribution=* Thus the two properties which affect the rate of heat ,oa5yrements, the cells had been cycled at least five times as for-

of mixing across the electrode tend to counteract each other. A nonmation cycles. Exothermic heat is shown as positive in these figures.
uniform current distribution, which causes heat of mixing across thej, )| of the figures, five min at open circuit are shown before the
electrode, often occurs in conjunction with a large concentrationgyrrent is turned on.
gradient across the electrolyte. Thus the energy balance of Rao and The figures also show the simulated cell potential and rate of
Newman is inconsistent, because it calculates only one componertieat generation calculated from the full-cell-sandwich model. The
of the heat of mixing. We have discussed above how these other twenergy balancéEq. 22 is called as a subroutine of the electro-
components of heat of mixing can be included in the energy balanceghemical model dualfoil.f at the end of each time step. The energy
if their magnitude is deemed significant by the calculations pre-balance subroutine takes in the calculated cell potential and average
sented in this section. state of charge in each electrode, calls a subroutine that calcUlates
Rao and Newman demonstrated the importance of their energgnddU/dT as a function ofy, and returns the heat generated and
balance by presenting simulations for aLiCF;SO,-poly(ethylene change in cell temperature during that time step. For comparison

oxide)|LiMn ,0, system. The diffusion coefficient used for this elec- With the isothermal calorimetry experiments, the simulations were
trolyte was 7.5% 1012 m?s while the ionic conductivity was 3.5 run in isothermal mode. Because heat of mixing was found to be

% 102 S/m® This ionic conductivity is an order of magnitude negligible in the section on Estimation of the magnitude of heat of

. . . mixing, heat of mixing was not included in these simulations. It was
lower than that of the LITFSI-PEMO polymer considered in our also assumed that there were no side reactions. The cell is treated as

work. These poor transport properties will lead to a highly nonuni- 1

form current density in the electrode and large concentration gradi-  The figures show cell potential and heat generation data for two
ents in the electrolyte. In a previous paper, we have demonstrategle|is, One can see that the Telcordia cells are highly reproducible,
that batteries containing electrolytes with such poor transport propindicating that there should be few artifacts from errors in cell fab-
erties exhibit very unsatisfactory performarff€ommercial batter-  rication. An individual cell's performance was also found to be
ies will use materials with much better transport properties, or elsenighly repeatable.

change the electrode dimensions to reduce the magnitude of the Two parameters in the electrochemical model were adjusted to
concentration gradients. match the cell potential data, the solid diffusion coefficient and the
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Figure 3. Discharge at the C/8 rate. Figure 4. Charge at the C/8 rate.

film resistance. The solid diffusion coefficient was adjusted to match  Comparing the model and the data during relaxation after the
the cell capacity. The cell capacity could be matched at the C/50current is turned off gives evidence that some of the discrepancy is
C/8, C/3, and 2C rates by using a constant value of>8.40™ %4 due to the particle-size distribution, with possibly some additional

m?/s. This value is four times higher than the average value of 2.leffect from variation in the solid diffusion coefficient with state of

X 107 m%s measured by Darling and Newman in undoped charge. The model consistently shows a more rapid relaxation than
lithium manganese oxide spirél. the cell, indicative of effects due to a particle-size distribufitn,

It is known that a protecting film coats both electrodes, and thatalthough the 2C pulse data indicate that at some states of charge the
this film increases the cell resistance. Also, the composition of thecell relaxes faster than at others, indicative of a variable diffusion
film has been found to change during the course of cycling and incoefficient.
response to impurities in the electrolyfeWhen comparing the The model tends to overpredict the amount of heat generated at
simulated cell potential with the data, we found that the cell dis-the 2C rate, even though the match to the cell potential is quite
played a higher resistance during discharge than during charge. Thgood. The discrepancy may be due in part to heat of mixing within
best fit to the simulations came from using a film resistance 0f)5.0 the particles. As noted in the section on Estimation of the magnitude
cn? at the negative electrode during both charge and discharge, witlof heat of mixing, the heat of mixing within the particles is endo-
an additional resistance of 80 cn? at the positive electrode during thermic during passage of current, and is significant at states of
discharge.(Using a value of 8.0 cn? at the negative electrode charge where the variation &f,, with y is large.
with no film resistance on the positive electrode yields similar re- In all Fig. 1 to 6, the heat-generation rate varies with state of
sults, because of the higher surface area of the positive elegtrodecharge. Figure 4 shows that at least part of this variation must be due
At the 2C rate, a value of 3.0 cn? on the negative electrode with to entropic heat, because the heat generation is endothermic at the
no film resistance on the positive electrode was used for both chargbeginning of charge. To determine how much of the variation is due
and discharge. to the dependence of entropy on state of charge and how much is

There are small discrepancies between the simulated and mealue to changes in cell resistance, in Fig. 7 and 8 we compare the
sured cell potential, although the overall match is quite good oversimulations using the measured entropy of reactaready shown
the range of current density from C/8 to 2C. There are several posin Fig. 1 and 2 to simulations in which the entropy is set to zero
sible reasons, such as that the positive electrode material is ndi.e, irreversible heat only The figures show that most of the varia-
actually composed of uniform spheres but rather rough particlegion in heat-generation rate with time is caused by the dependence of
with a distribution of radii, the solid diffusion coefficient may de- entropy on state of charge, and that entropic heat is of the same
pend on concentration, the film resistance may vary with time andmagnitude as irreversible heat at the C/3 rate. Therefore, accurate
cycling, and all of the parameters used in the model possess somgrediction of heat generation from lithium manganese oxide requires
degree of experimental error. Calculations indicate that the cell temknowledge of the entropy of reaction as a function of state of charge.
perature could not have varied by more than 0.5°C even at the The model shows a large increase in the rate of irreversible heat
highest currents, ruling out variable temperature as a possibl@eneration at the beginning, middle, and end of the half-cycle. This
explanation. variation in cell resistance is shown again in Fig. 9, which shows the
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Figure 5. 5 min discharge current pulses at the 2C rate followed by 115 min Figure 6. 5 min charge pulses at the 2C rate.

relaxation.

the difference in concentration across the cell is small.

The inserted lithium concentration changes across the electrode
cell voltageV during the C/3 rate discharge, the OCR and U because of the nonuniformity of the reaction-rate distribution. The
— V. U'is the OCP to which the cell would eventually relax if the reaction-rate distribution at different times0, 40, 50, 60, 90, 110,
current were interrupted, as a function of the amount of chargel30, and 170 minduring the C/3 rate discharge is given in Fig. 13.

passedU — V is proportional to the total cell resistance as a func-
tion of time during discharge, and is directly proportional to the rate

of irreversible heat generation, given byl (V — U). The times 180
when the cell resistance is high correspond to states of charge it
which U varies steeply withy. The reason is that there is a finite 160 —
resistance to mass transfer in the solid particles, so the surface cor
centration is somewhat higher than the average concentration 4oL
Profiles of lithium concentration in the solidgiven asy in -
LiyAlg Mn; 60, -5Fo ) are shown in Fig. 10. It is the concentration “g |,
at the surface of the particle which affects the cell potential, while §
the average concentration determines the OCP. If the thermody = 100 1 )
namic potential of the insertion material varies steeply witthen, g with dU/dT
for a given concentration gradient, the cell voltage will differ more ‘Es +
from the OCP than whebl is more constant witly. The lost ability 2 80 —
to do electrical work is manifest as irreversible heat generation. &
As mentioned in the section on Estimation of the magnitude of § 60—
heat of mixing, the magnitude of the concentration gradients deter-= | F \ ™. =/ e\l S e
mines the magnitude of heat of mixing. Concentration profiles 0= F N\ o T
within the solid particles, across the electrolyte, and across the elec
trode are given in Fig. 10, 11, and 12. These concentration profiles 20 —
were used for the calculations of the heat of mixing given in Table
Ill. Figure 10 gives the radial concentration profile within a solid 0 L | |

particle located at the separator-positive electrode boundary. The
concentration profile reaches pseudo-steady-state within 5 min, ani
there are moderate diffusion limitations. Figure 11 shows the elec-

0.5

1.0

1.5 2.0

time (hours)

trolyte concentration profiles across the cell at different times. WeFigure 7. Total simulated heat-generation rat@vith the measured

see that, in this liquid electrolyte with good transport properties, sU(y)/aT) and irreversible componens(/oT = 0) for a C/3 rate dis-
concentration gradients reach pseudo-steady state within 5 min, ancharge.
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Figure 10. Solid lithium concentration as a function of radial position across
a particle of insertion material located at the separator-electrode boundary.

Time in minutes during the C/3 rate discharge is given as a parameter.
Figure 8. Total and irreversible component of heat generation for C/3 rate

charge.

time (hours)

which the time constant was added to the simulations; without the

Initially, the reaction rate is higher closer to the separator. As activetIme constant, the simulated heat generation would appear as 5 min

material is consumed at the front of the electrode, the reaction shifts:pikes instead of smooth curves over 2 h. Figure 14 displays the
more to the back of the electrodet 60 min. When the steep part of ffect of adding the time constant at the C/3 rate. The time constant

. . . - has a lesser effect at slower rates., when the heat generation does
U(Y) neary = 0.5 is reachedat 90 min), thelzreacnon-rate distri- not vary so quickly with timg The inset to Fig. 14 shows the heat
bution is more uniform, as noted by Fulleral™=A second wave of  yeharated upon relaxation of concentration gradients across the in-
current then passes over the electrode as the 4.05 V plateau &, glectrode after interruption of the current, as calculated from
consumed? This variation of the reaction-rate distribution gives

‘<6 10 th fil h in Fig. 12. The “local . the energy balance of Rao and Newman.
rse 1o the profiles shown in Fig. 12. The “local average: concen- Figure 15 shows measured heat-generation profiles from C/3-rate
tration given in this figure is the average over the volume of the dis

; -3 o charges at 15, 20, 25, and 30°C. The differences are small. Dis-
spherej.e, the average over the profile given in Fig. 10. For ease of oparges’and charges at the C/8 and 2C rates also yielded results that
comparing the profilesin which the gradients are smglthe con-
centration is normalized by the overall average concentration in the
electrode at that time. The overall average concentration is calcu-

lated from the total capacity of the electrode and the total current ~ negative electrode

that has been passed up to that point in time. 1.10*
As mentioned in the section on Calorimetry, the purpose of this separator ! posiltive electrode !
work is to compare a model to calorimetry data, and for ease of Rl >
comparison the thermal time constant present in the calorimeter wa ~ 1.08 —
added to the simulations. The comparison between simulations an
data at the 2C ratérig. 5 and § demonstrates the accuracy with 1.06
s |
[=]
45 0.35 € ub 75 mi
' T ' ERea e 10 min N
s A —— 5min
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=] Ay
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Figure 9. Cell voltage, the equilibrium potentiél, andU — V during a C/3

rate discharge.

2.5

3.0

distance across cell (um)

Figure 11. Electrolyte concentration as a function of position across the cell
at different times during a C/3 rate discharge. The profiles do not change
substantially after 5 min, and the concentration gradients are small.
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distance across positive electrode (Lm) Figure 14. Demonstration of how much the actual heat-generation signal is

distorted by the time constatitag” ) in the calorimeter. Shown are C/3-rate
discharge heat-generation profiles with and without a time constant added.
The circled region is enlarged in the inset to show the heat released upon
grelaxation of concentration gradients across the electrode.

Figure 12. Local average lithium concentration in the insertion electrode as
a function of position during a C/3-rate discharge, normalized by the averag
concentration over the entire electrode. Time in minutes is indicated as
parameter.

Conclusions

o ) ] Heat generation from a 1-D cell of uniform temperature with a
varied little with temperature between 15 and 30°C. The differencesporous insertion electrode has been measured and simulated using a
at the beginning of discharge at 15 and 20°C are caused by the faglll-cell-sandwich simulation. Using only the film resistance as a

that the cells started at a slightly lower state of charge. The startingitting parameter, we have demonstrated the ability to match closely
OCP was 4.31, 4.34, 4.45, and 4.44 V for the discharges at 15, 20goth the experimental cell voltage and also the rate of heat
25, and 30°C, respectively. Simulations at different temperaturesyeneration.

were not performed. Order/disorder arguments predict that the entropy of reaction of
insertion compounds will vary with state of charge, and even change
sign. Therefore, a model of the heat-generation rate should include
the dependence &k S on state of charge. For cells in which both

-55 T electrodes are porous insertion electrodes, measurement of
aU(y)/aT of each electrode with respect to a lithium reference elec-
trode at the same electrolyte concentration is needed for the calcu-

160 T I
g L f_
: 140 ’,3“\
0 3
E — 120 - C At
= £ —20°C At
5 2 100 — i
s Z 1)
= P 3’
2 80+ 4
8 }
%) E
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Figure 13. Reaction rate as a function of position across the cathode during
a C/3-rate discharge. Time in minutes during the discharge is indicated as &igure 15. Heat-generation profiles for C/3-rate discharge at four tempera-
parameter. tures, as measured in the isothermal calorimeter.
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15, d%cy ) o
0=eD o Tl [A-2]
anode separator | cathode , - _ -
where k denotes region 1, 2, orj3.is zero(there is no reaction in the separatdfhe
C3 Cl C2 boundary conditions are that there is no flux at the current collectors 0 and
x =L_+ Lg+ L), the concentrations and fluxes are continuous at the interfaces
between regions, and total mass is conserved. One can nondimensionalize the problem
byy = x/Lg, r = L,/Ls, g=L_/Lg, and®, = c,/cqy, Wherec, is the average
concentration across the cell. In addition, the reaction rate can be nondimensionalized
and related to the applied current density by= —1(1 — t3)L%/FDcge,L , and
J; = 1(1 — t%)LZFDcgesl _ . Then the governing equations are
x=0 L L +L L +L_+L
- - S - S +
. ) . . . ) 05 420,
Figure 16. Schematic of the three regions in a dual-insertion cell. 0=cey a7 + J, [A-3]
d’e
. , o o 0=e® — [A-4]
lations. For the specific chemistry investigated1LM LiPFg in 1:1 dy
EC:DMC| LiyAIO,ZMnLSO‘,,_SFO.Z, the ent_ropic h_eat generation is _of
the same order of magnitude as the irreversible heat generation at 020,
the C/3 rate, and accounts for much of the variation in the rate of 0=e3® e + Jg [A-5]
heat generation with time during charge and discharge.
The irreversible heat generation also varies with state of chargewith the boundary conditions
It is higher whenU varies more steeply with.
Because the concentration gradients in the electrolyte and across 40,
the electrode are small in this cell, heat of mixing from these com- Ty 0 aty=1+q+r [A-6]
ponents is negligible. Heat of mixing within tiieather large diam-
eten particles may explain some of the overprediction of heat gen-
eration at the 2C rate. However, heat of mixing is not responsible for 9 _ o a y=0 [A-7]
much of the variation in the rate of heat generation with time during dy
the C/3 rate discharge.
A realistic battery in which_, R, ande are properly designed to 0,=0, aty=1+q [A-8]
mitigate mass-transfer limitations generally will exhibit heat of mix-
ing which is small compared to entropic and resistive heat. Heat of 0,=0, aty=q [A-9]
mixing within particles, across the electrode, and across the electro-
lyte can be of the same order of magnitude depending on the trans- " ,
. . . Y d-e d“e
port properties, electrode dimensions, at/dc. els 5 - = el® ] 2 aty=1+q [A-10]
Y Y
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Appendix
Oy= 2 yr i 2 gy +E [A-13]
Steady-state Concentration Profile 27 TR0 Y T (Ts a+ry
Here we derive the steady-state concentration profile in the electrolyte of a cell in
which the positive and negative electrodes are both porous and the current distribution Js
within the porous electrodes is assumed to be uniform. This analysis is an extension of O;= 5=y +G [A-14]
the original work by Doyle and Newmaf.Doyle and Newman considered the case of 2e3
a cell with one lithium foil electrode, one porous electrode, and a separator in which the
porosity was set to 1. Here, we extend the analysis to have two porous electrodes, arithere
we leave the porosity of the separator as a variable. The situation is pictured in Fig. 16.
To be consistent with the notation of Doyle and Newman, we denote the anode as region 1 I edor
3, the cathode as region 2, and the separator as region 1. For a binary electrolyte, the B=1- st 22 2L g4rg+r+0.
mass balance for the salfis 1+q+r 3e35'5 611.5 @ q q 5
2
2 ,  rd+a
+ =%z +r—-r?- — -
! 0o . <0 3e5° raTr=r 1+q+r [A-15]
ac velp| 1 dIn co) t2Vi, + i,Vt2 v . ai
Cat TS dinc| zv.F Cvo * 8-
[A-1] €250 J, )
E=B+ 1409+ =55 (1L +
e ( a) 208 ( q)
wherei, is the current density in the electrolyte apglis the velocity of the solvent. For 3
steady-state conditions, constant physical propeiesept for the effect of porosity on _ _035(1 +q+1)1+0) [A-16]
the diffusion coefficient no convection, and the case in which the electrochemical €

reaction involves only the lithium ion, this equation reduces to the following governing
equation for the concentration in each region and
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Ja0?
26[3)'5

€2Jorq

G=B+ —% [A-17]
€1

A useful outcome of this derivation is that the limiting current can be found by
setting ®,, the salt concentration in the cathode, to zeroyat 1 + q + r. The
limiting current in a cell with two porous electrodes and uniform current distribution
across those porous electrodes is

FDc,

[ A-18
1= tDLef(ar,er €0.€0) [A18]
where
‘ 1 +l+r 1+q) 1(q+0.5)
AR Rl e s s
2
i [A-19]

. B
ZezX1+r1 + Q)
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s stoichiometric coefficient, positive for anodic products
S entropy of a system, J/K

entropy of reaction, J/K

t time, s

i transference number of species i with respect to the solvent velocity
temperature, K
thermodynamic potential measured with respect to a lithium reference
electrode, V
enthalpy potential, V
differential volume element, T
volume of the system,
cell potential, V
partial molar volume, rfimol
work, J
position across cellm) or stoichiometry of lithium in a negative
insertion material
y stoichiometry of lithium in an insertion electrode
z; charge of ion i
() evaluated at the local average concentration

c -

[

x E<|<<<erx

Greek

For the purpose of estimating the heat of mixing using the method presented in Eq.

40, one is interested in calculatifigc — co)2dx. Using the concentration profile given
in Eq. A-12 to A-14, one finds

Lo+lghl,
f (c — cg)2dx
0

a3, (G- 1
_ey |39 ds (b7 AT 12
Co'—s{ 20, T€3.5 3 + (G - 1q

242,.2
€5J5r Jor
+(B- 12+ 22 (37 +3q+ 1)+ S2(B - 1)(2q+ 1)
3e7 €
+£[(1+ +°—(1+ )5]7£(1+ +0[(L+qg+n?
20e, 4 4 Ze,m 4
J2 JH(E -1
-1+ g4+ —2(1+q+r)27%5—)
3e; 3ey

Jz
X[L+qg+r)°—21+q%+ 5=z (L+qg+r)
€2

X(E-D[A+qg+12—(1+q? +(E- 1)2r} [A-20]

« transfer coefficient

e volume fraction(of electrolyte unless otherwise specified

w  chemical potential, J/mol

vi moles of ion i produced when a mole of its salt dissociates

v number of moles of ions into which a mole of electrolyte dissociates
p density, kg/m

Peltier coefficient of electrode i, V

Superscripts

avg evaluated at the overall volume-average concentration
o property is with respect to solvent velocity or initial condition
intensive property per unit mass
~ intensive property is per mole

Subscripts

i speciesi

k index for a chemical reaction

| index for an electrochemical reaction
lim limiting current

n electrochemical flux normal to surface of active material
ref reference electrode

s inserted lithium

salt salt in an electrolytic solution
— anion
+ cation

Substituting this expression into Eq. 40 gives a closed-form expression to estimate * Pulk property or volume-averaged value

the magnitude of heat of mixing across the electrolyte.

List of Symbols

a surface area of active material per volume of electrode! m
¢ salt concentration in the electrolyte, mof/wf solution

Cj concentration of species i in phase j, mol/m

cs concentration of lithium in the solid insertion electrode, mdl/m
Cp heat capacity, J/K

Cpi  partial molar heat capacity of species i, J/mol K

D salt diffusion coefficientm?/s)

D, diffusion coefficient of lithium in an insertion electrode?/m
f.+ mean molar activity coefficient of an electrolyte

F Faraday’s constant, 96487 C/equiv

H enthalpy of the system, J

H; partial molar enthalpy of species i, J/mol
AH enthalpy of reaction, J/mol

in transfer current density normal to the surface of the active material, 13,

Alm?
ip exchange current density, Afm
| total current(A) or current density in the cell, A/fn

reaction, mol/s rh

L thickness of an electrode, m
thickness of positive electrode, separator, or negative electrode, m
M; symbol for the chemical formula of species i or molecular weight, g/mol
n; number of moles of species i

n number of electrons involved in a half-cell reaction

P pressure, N/t

Q heat-generation rate, W

r radial position across a spherical particle, m
rate of chemical reaction k, mol/s
R universal gas constant, 8.3143 J/mol K, or radius of a particle, m
effective resistance of a solid-electrolyte interph@3en?

flux of species i normal to the electrode interface due to electrochemical 16,
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